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Abstract—This paper describes design and analysis method 
for a DC distributed power system for Avionic Application 
utilizing simulation. In order to obtain rapid time to market, the 
used system components are typically commercial off-the-shelf 
components (COTS). This complicates the system level analysis 
and simulation because traditional modeling methods are not 
applicable. Within this paper, it is shown how these systems 
can be designed utilizing simulation results based on behavioral 
models of commercial dc/dc converters. Additionally, models for 
commercial EMI filters are developed. From the system level 
simulations important information of the whole system behaviour, 
such as power consumption, and overall stability is obtained. 
This assists the designer to reach an optimum power system 
solution with minimum time and effort. Therefore, the system 
level simulation is an essential tool for reaching the feasible design 
solution complying with all the requirements1. 
I. INTRODUCTION 
Distributed power systems comprise various different com-
mercial components and can be very complex in nature. More-
over, simulation and analysis of these systems is challenging 
due to the lack of detailed information of the component 
structures. Thus concerning the system level simulation, it is 
desirable to develop models for the commercial components. 
Power system stability can be analysed as small signal sta-
bility, interactions between input filter and dc/dc converter as 
shown in [1] and [2], or large signal stability due to converter 
turn-on/off delays, start-up and protections. Therefore, a dc-dc 
converter model is required to be applicable in the analysis of 
both small and large signal stability. 
Plenty of research concerning the dc/dc converter modeling 
techniques exists. General averaged model for the converter 
has been developed in [3] and been applied to distributed 
power system simulations in [4]. Additionally, in [5] and [6] 
is described how to obtain hybrid parameter models which 
are limited to analyse small signal stability. However, neither 
of the above mentioned models is adequate to analyse large 
signal stability. Thus, an improved dc/dc converter model is 
required. 
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In [7] and [8] behavioral model for dc-dc converter is 
developed based on the Wiener-Hammerstein structure. Thus 
enabling adequate DC distributed power system simulations 
as presented in [9]. In [9] a parameterization software tool 
is developed to generate the behavioral models and the 
requirements for the simulator are described in [10]. 
In this paper a distributed power system for avionic 
application is designed according to the requirements 
provided in [11] concerning the Aircraft Electric Power 
Characteristics and [12] regarding Electromagnetic 
interference characteristics. The system consists of six 
dc-dc converters supplying the loads according to their 
demands from few watts until 65W. As one important 
objective of avionic application is to minimize the size and 
weight of the system, the optimum solution was to select 
converters from various manufacturers. Due to the tight 
EMC requirements stated in [12], additional EMI filters are 
used within the system. In the current system, a distributed 
EMI filter solution was selected utilizing the EMI filters 
recommended by the converter manufacturer. Thus the system 
includes four EMI filters as well as holdup capacitors and 
protection circuits as shown in Figure 1. 
The utilized dc-dc converter models are based on the 
Wiener-Hammerstein structure and their modeling procedure 
is described and analyzed in detail. In addition, EMI filter 
models for the commercial filters are developed based on 
typical input filter structure [13] and impedance measurements. 
The small signal stability is observed assessing the interactions 
between EMI filter and a dc/dc converter. Based on the created 
component models, the system behavior is analyzed through 
simulations and the are validated through experimental results. 
II. SYSTEM COMPONENT MODELING 
The most important system components, dc-dc converters 
and EMI filters, are modeled in order to successfully simulate 
the system behavior. 
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Fig. 1. Distributed power system block diagram. 
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Fig. 2. Dc-dc converter behavior model structure. 
Fig. 3. The static model structure of a Dc-dc converter. 
current and input voltage, as well as efficiency depen-
dence on the load current and input voltage. 
• Dynamic behavior: Inrush current and output voltage 
transient response. 
• Events driven behavior: Protections, soft start and remote 
control. 
Every dc/dc converter utilized within the system was 
modeled based on the information provided in the datasheet 
and obtained from the measurements. The model validation 
was done by comparing simulation results to the datasheet 
curves provided by the manufacturer. 
1) Static structure: The static parameters describe the basic 
power processing behavior of a dc-dc converter. The static 
converter behavior is modeled as an equivalent circuit shown 
in Figure 3, where Equation 1 describes the load regulation 
and Equation 2 defines the efficiency dependence on the load 
current. 
A. Dc-dc converter models 
As the objective is to model commercial converters, utilized 
model for the dc-dc converters is required to be identified 
based on available information. In addition, this model needs 
to be general for every dc-dc converter, regardless of the 
utilized topology or implemented control method. The utilized 
model for the converters consists of two parts, logic stage 
and power stage based on Wiener-Hammerstein structure [8] 
as presented in Figure 2. 
Events driven behavior is modeled as a logic system 
whereas the Wiener-Hammerstein structure describes the 
static and dynamic behavior of the converter and its control. 
This behavior model can be generated from the parameters 
obtained from the converter datasheet. Thereafter, it can be 
implemented to a circuit simulator [14] utilizing hardware 
description language. The following information is required 
in order to obtain simulation models for the dc-dc converters 
based on this modeling technique: 
• Static behavior: Output voltage dependence on the load 
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The efficiency dependence on the converter output power 
illustrates the converter static behavior. In Figure 4 the 
efficiency curve of the created simulation model is compared 
to the corresponding datasheet value at nominal input voltage 
of 28V. The dashed line shows that the simulation model 
provides accurate results concerning the static behavior of a 
converter. 
2) Dynamic structure: The dynamic information includes 
high frequency dynamics and large signal behavior to the 
converter model as presented in Figures 5.a and 5.b. 
The component values for the input dynamic network can be 
obtained from the converter inrush current curve. Correspond-
ingly, the component values for the output dynamic network 
are obtainable from the transient response behavior of the 
converter. 
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Fig. 4. The simulated efficiency as a function of output power compared to 
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Fig. 5. Equivalent EMI filter model structure, a) Input dynamics network, 
b) Output dynamics network. 
3) Logic system: The system large signal stability is not 
possible to be predicted without including the converter 
protection features. The events driven behavior is essential to 
take into consideration within the converter model in order 
to provide accurate system analysis. Considering the actual 
model, the events driven behavior is managed by a state 
machine that changes the model structure. 
Since converters from various manufacturers are utilized, 
each of them needs an individual model. Every converter 
model was validated concerning static, dynamic and events 
driven behavior thus guaranteeing proper behavior of the 
simulation models. 
4) Improved Dc-dc converter models: The dc-dc converter 
models can be further improved by performing measurements 
to the converters. The datasheets typically provide limited 
amount of information concerning specific converter behavior. 
Thus depending on the application some relevant and more 
detailed information might be required in order to perform 
accurate system level simulations. Therefore, further measure-
ments assist the improvement of the converter models. 
The existing dc-dc converter model does not take into 
consideration audiosusceptibility. This means that depending 
on the converter topology and implemented control method, 
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Fig. 7. Audiosusceptibility measurement. 
sudden input voltage drop might cause deviation on the 
converter steady state output voltage. Within the designed 
system this might occur when a load step is introduced to a 
converter sharing an EMI filter as shown in Figure 6. 
As the two converters have common input voltage, it is of 
interest to verify audiosusceptibility through measurement. 
Thus it can be decided whether audiosusceptibility is 
necessary to be included within the converter model. 
The measurement was carried out by introducing a load 
step from no load to full load on the output of 10.5V power 
module while the output voltage of the 7V module was 
observed. The measurement results show, Figure 7, that in 
this particular case the audiosusceptibility is not necessary 
to be taken into consideration regarding the analyzed converter. 
B. EMI Filter Models 
The proposed models for the commercial EMI filters 
are based on the general topological structure of an input 
filter [13]. In order to estimate these component values, 
the frequency response of each filter was measured. The 
following measurements were carried out: 
• Short circuit input impedance while output is short-
circuited 
'outNEW 
Fig. 8. Equivalent EMI filter model structure and output impedance 
simulation. 
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Fig. 9. Simulated and measured output impedances. 
• Open circuit input impedance while output is open circuit 
• Output impedance while input is short-circuited 
The best suitable model for each EMI filter was obtained 
by fitting simulated ac responses to the measured ones. In 
addition to the basic filter components, the parasitic values are 
needed to take into consideration due to their affect on the ac 
response at high frequencies. Utilizing this principle, models 
for each commercial filter were obtained. An equivalent 
circuit and output impedance simulation of one input filter 
topology is presented in Figure 8. 
As the system design is based on distributed EMI filter 
solution, various filters from different manufacturers are used 
and each filter has its own equivalent circuit. Figure 9 presents 
the comparison of simulated output impedance value compared 
to measured value of the equivalent circuit presented in Figure 
8. 
Based on the results presented in Figure 9, the simulation 
models of the input filters can be assumed to provide adequate 
models for the utilized EMI filters in order to obtain necessary 
system level simulations. 
III. STABILITY ANALYSIS 
As stability is major concern within any power systems, it 
is desirable to detect any potential stability problems at an 
early design stage. Two types of instability problems, small 
Fig. 10. Impedance interactions between input EMI filter and a dc/dc 
converter. 
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Fig. 11. Measured EMI filter Zout compared to the simulated converter Zin 
and suggested bus capacitor. 
signal and large signal, can occur within distributed power 
systems. By utilizing the developed component models, 
the system stability can be analyzed from two different 
perspectives. 
A. Small signal stability 
Small signal instability can occur due to the impedance 
interactions between the input filter and a dc/dc converter as 
presented in [2]. This Middlebrook's criterion for impedance 
inequalities is described in Equation 3. 
Z0 << Zi (3) 
where Z0 is the filter output impedance and Z¿n is the 
converter input impedance as shown in Figure 10. 
Utilizing the developed behavioral converter model, the 
input impedance is obtainable through simulation. Thus the 
simulated input impedance can be compared to the measured 
filter output impedance. Each converter input impedance 
as well as the corresponding filter output impedance was 
analysed. Based on this analysis, a possible instability 
problem was discovered, as demonstrated in Figure 11. 
It can be observed that the Middlebrook criterion 
Z0 « Zin is not met. This small signal instability problem 
can be eliminated by altering the filter output impedance 
by adding sufficiently capacitance at the filter output thus 
shifting the resonant frequency of the output impedance. In 
Figure 11 the dashed line presents bus capacitor impedance. 
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Fig. 12. The converter output voltages at the system start-up. 
However, the selected capacitor is required to have low 
ESR and ESL values due to their impact on the capacitor 
impedance at high frequencies. The capacitor solution 
utilized within this design was to parallel four 22uF and 
50V AVX multilayer capacitors employing low ESR and 
ESL values in order to avoid any instability within the system. 
B. Large signal stability 
Even though the individual input filter and dc-dc converter 
complies with the small signal stability criterion, the system 
level stability is not guaranteed. Large signal instability can 
occur at the system the level due to various reasons: 
• Pulsating loads 
• System start-up and turn-on delays 
• Remote on/off signals 
• Protections 
Depending on the specific application, the above mentioned 
features might be necessary within a distributed power system. 
Each system employs different features and requirements. 
In addition, every converter has individual behavior and 
implemented additional features such as protections or ability 
to remote turn on/off. System level simulation is a necessary 
tool in order to confirm proper operation of the whole system 
under various operating conditions. Utilizing the developed 
dc-dc converter and EMI filter models described in Section 
two, the whole system can now be simulated. It is of interest 
to guarantee a stable system start-up under various operating 
conditions. Since the utilized converters within the system are 
from various manufacturers, they all employ different start-up 
behavior. The simulated start-up at the nominal operating 
conditions is shown in Figure 12. 
As the simulated turn-on behavior of all converters is 
compared to the measurements, Figure 13, it can be observed 
that the simulations predict the system behavior accurately. 
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Fig. 13. The measured system start-up. 
IV. SYSTEM FUNCTIONALITY VERIFICATION 
The power system operation has been analyzed through 
the following simulations, in addition to the start-up 
measurements described in the previous section: 
• Inrush current 
• Transient behavior 
• General functionality during various operating conditions 
A. Inrush current 
The current absorbed by the system during the startup 
can be estimated though the system simulations. Each dc-dc 
converter has its own specified inrush current absorption 
depending on the converter structure. In addition, if the system 
is required to provide holdup time, the influence of large 
holdup capacitors to the system inrush current is significant. 
As system inrush current is simulated, depending on the 
application it can be determined whether any protection is 
necessary within the designed system. While simulating the 
inrush current, line impedance as well as parasitic component 
values of other circuit components should be taken into 
consideration, due to their affect on the inrush current. Within 
the actual system, inrush current protection was designed 
based on the system inrush current simulations. The simulated 
inrush current peak during the start-up is presented in Figure 
14. Subsequent to implementing inrush current protection, 
the start-up was simulated. The protection was implemented 
to the current system and inrush current measurements are 
compared to the simulation results in Figure 15. 
The simulated peak current value will not predict the 
exact behavior of the actual protection circuit. This is due 
to the implementation method of the inrush current protec-
tion model within the simulated system. Accurate protection 
circuit component models were not available for the utilized 
simulator and therefore, simplified component models were 
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Fig. 15. Measured and simulated inrush current with the protection. 
utilized. However, the results are adequate enough to verify 
the functionality of the designed inrush current protection. 
B. Transient behavior 
The system behavior under load transients can be analyzed 
through simulation. A load step from no load to full load was 
introduced to the largest power module 10.5V output and its 
influence within the system was observed. The corresponding 
measurement was carried out within the system and compared 
to the simulation as shown in Figure 16. The dashed line 
shows the simulation result and subsequent to the comparison 
of measured value, it can be observed that the modeled dc-
dc converter predicts accurately the transient behavior of the 
actual converter. 
Transient simulations provide valuable information on the 
converter ability to reach the output voltage steady state value. 
This is important in case the converter is supplying a pulsating 
load. In case the converter has not reached its steady state value 
and the load is changed, instabilities within the system might 
occur. Thus in order to avoid this from happening, additional 
capacitance is required to be added at the converter output to 
650mV 
- • - • • - • • - • ¡ - • • - • • • • • • • - • • - • • • • • • - • - • - • • • • • i 
M|40.0JJS| A| C h i J- 4 . 9 0 A 
Q H — | 1 3 . 6 0 0 0 j J S j 
Fig. 16. Detailed comparison between measured and simulated (dashed line) 
voltage deviation in 10.5V module during the load step. 
provide energy. However, depending on the converter design, 
each power supply has a maximum allowable capacitive load 
which should be considered. 
C. General operational aspects 
Power consumption is an important aspect within any 
electronic design, especially in avionic power systems. It is 
of interest to be able to estimate it as early design state as 
possible. The power system within this application is required 
to operate within the nominal input voltage range of 22 Vdc 
to 29 Vdc according to [11] in steady state. Therefore, the 
system level simulations provide estimations of the system 
power consumption by determining the steady-state current 
absorbed by the system for various input voltages. 
V. CONCLUSION 
Due to the utilized COTS components within distributed 
power system design, traditional modeling techniques are 
not applicable. This introduces various problems within the 
system design complicating the overall analysis. The dc/dc 
converters are modeled based on the Wiener-Hammerstein 
structure enabling the system simulation and analysis. A 
detailed modelling procedure is described for both dc-dc 
converters as for EMI filters. The theoretical system analysis 
and the simulated operation are verified in practise within 
designed distributed power system for avionic application. 
System small and large signal stability is analysed utilizing 
the simulation results obtained from the modeled system. A 
potential instability problem was discovered at the system 
design stage thus enabling to solve the problem prior to 
implementing the actual system. Within distributed power 
system design, system level simulation is a vital tool in order 
to reduce the design time. In addition, the ability to discover 
possible system instability problems or design errors at an 
early design stage is crucial in system design. 
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